INTRODUCTION
The electrical and magnetic properties of doped manganates have been the subject of extensive investigation in recent years, since these compounds are candidates for high-sensitivity magnetic detectors in resistive magnetic memory devices, magnetic read heads, and devices using spin-polarized transport [1] .
Of particular interest are doped manganates where the transition to magnetic ordering is attended with the insulator-metal transition [2] . Such a correlation between the magnetic and transport properties in manganates has long been explained in terms of the theory of double (indirect) exchange [3] . This theory assumes that neighboring Mn 3+ and Mn 4+ ions exchange electrons through an O 2-oxygen ion in between.
However, recent experimental findings, such as the effect of increasing T c in a magnetic field [4] The discovery of local distortions in the doped manganate lattice [10] has been a breakthrough in the study of these compounds. It has been shown that the real lattice radically differs from the "averaged" lattice, which is determined by X-ray diffraction. These findings suggest an intimate correlation between the magnetic, transport, and structural properties. However, the question of how lattice local distortions may affect the electron lattice and magnetic ordering remains to be answered, and the nature of these distortions is still unclear.
In this work, we demonstrate that the interplay between the magnetic, transport, and structural properties can be understood by taking into consideration the strong covalence of manganese-oxygen bonds and treating it as the formation of one-electron σ bonds between ions of these elements. Such an approach has already been invoked for the explanation of antiferromagnetic ordering in manganates [11] . We will show that it also helps in explaining ferromagnetic ordering. Moreover, this work poses a more general problem, namely, to show (by an example of manganates) how the highly correlated state of electrons forming oneelectron σ bonds may arise through electron exchange, this state being responsible for both magnetic ordering and high conductivity. Abstract -A model of chemical bonds in manganates that allows for one-electron covalent σ bonding between manganese and oxygen ions is suggested. One-electron covalent bonding results in the strongly correlated state of electrons due to exchange interaction between the electrons when they are shared by the cation and anion orbitals. The correlated state shows up as the spatial ordering of electrons and the ordering of their spins, causing the spin-ordered electron lattice to form. In this model, electrical conduction in manganates takes place when the electron lattice (more precisely, its part) shifts from one site of localization to another. The conductivity of the material depends on the type of the spin order of electrons in the electron lattice and on the energy of localization, which is defined by the energy of one-electron σ bonding. The model also implies the strong cationic polarization of anions, which facilitates the 3 s 2 p hybridization of anions and the transition of one of the pairs of 2 p electrons from the singlet state to the triplet one. The 3 s 2 p hybridization of anions favors the formation of the spin-polarized electron lattice (the electron spins are parallel) and the ferromagnetic ordering of manganese ions. Under these assumptions, the effect of giant magnetoresistance is explained by a change in the conduction mechanism when an external voltage is applied. In this case, the conduction mechanism typical of ionic crystals changes to that specified by the spin-polarized electron lattice. © 2002 MAIK "Nauka/Interperiodica".
these elements are roughly 40% covalent and 60% ionic [12] . Recent high-resolution spectroscopy data [13] support the strong bond covalence in manganates. A high degree of covalence must show up largely in the behavior of valence electrons, since covalence means the sharing of these electrons by surrounding ions while ionicity means their localization on anions. The situation where valence electrons in a solid are localized on anions and, at the same time, shared by cations is difficult to imagine. For molecules, such bonding has been considered as the resonant state of structures with purely covalent and purely ionic bonds [12] . For ionic crystals, however, such a concept is hardly applicable. The formation of ordinary two-electron σ bonds in resonant structures, which is the basic idea in this concept, seems unlikely, because it requires considerable lattice strains. In our opinion, the most acceptable explanation of this situation is that each cation-anion pair shares only one electron, which would be localized on the anion in the case of purely ionic bonding. Let us assume that ionic bonds, which specify the crystal structure of manganates, prevail at high temperatures (above T c ). As the temperatures lowers, additional covalent one-electron σ bonds between Mn and O ions appear. This effect causes a slight distortion of the crystal lattice and a reduction of the crystal symmetry, since a rise in the bond energy between the ions decreases the interionic spacing (it becomes smaller than the sum of the ionic radii).
We will consider one-electron covalent bonds in manganates as a set of localized bonds between neighboring ions. Below, it is shown that such a representation is valid because electrons occupying hybridized orbitals of the same ion interact with each other.
Let us also assume that manganese ions in the octahedral environment of oxygen ions produce covalent bonds with them through six equivalent hybridized 3 d 2 4 s 4 p 3 orbitals. The energy level of these orbitals is higher than that of d xy , d yz , and d xz orbitals. This is because the higher energy 4 p state is present and the d levels split in the high octahedral electric field. Therefore, one can assume that the energy gap between hybridized and unhybridized d orbitals is sufficiently large for the transition of a Mn 3+ ion from the high-spin state ( ) to the low-spin one ( ) to be energetically favorable. Eventually, all hybridized orbitals of the Mn 3+ ion will be unoccupied and accessible for covalent bonding. The possibility of the low-spin state for a Mn 3+ ion in manganates was also discussed in [14] .
An O 2-ion in manganates is also in the octahedral environment of the cations, two of which are manganese ions located on one of the octahedron axes. To produce one-electron covalent σ bonds with these cations, the O 2-ion may use its 2 p orbital or two hybridized 3 s 2 p orbitals facing Mn ions. The possibility of using the 2 p orbital is beyond question and was considered in [11]. The possibility of 3 s 2 p hybridization needs clarification. Because of the great energy difference between the 2 p and 3 s levels for an oxygen atom, 3 s 2 p hybridization is considered to be impossible. However, for an O 2-ion in the ionic crystal lattice, this hybridization seems to be likely for a number of reasons. First, the energy level of the 2 p states in an O 2-ion comes closer to the 3 s level, making the ion unstable. Second, the ion, being located between two Mn cations, which have the rather large charge and the relatively small ionic radius, will experience a high polarization due to the cations. The energy of polarization may partially compensate for the energy spent on the excitation of the two 2 p electrons of the O 2-ion into the 3 s 2 p state. Finally, the energy spent on hybridization will be compensated for by the energy gain due to the formation of stronger bonds between Mn and O ions.
Let us compare one-electron covalent bonds produced with the participation of the 2 p and 3 s 2 p orbitals of an O 2-ion (1 e -σ and 1 e -σ *, respectively). Since a 1 e -σ bond involves shorter 2 p orbitals, its energy is higher than that of a 1 e -σ * bond, so that this bond is preferable for the stable state of the crystal. However, a 1 e -σ bond may form if the cation and anion approach close enough for overlapping with the 2 p orbital be possible. This depends on the deformability of the ionic sublattice and on the state of the electron shell of the cation. The nonspherical shape of the electron shell of a Mn 3+ ion in the low-spin state makes its approach to the anion in the plane where a pair of t 2 g electrons is located difficult, because the electrons of the anion repel strongly from this pair. Therefore, in this plane, overlapping with the more extended 3 s 2 p orbital of the anion to produce 1 e -σ * bonds remains possible, although the energy gain of the system is smaller in this case.
Another difference between 1 e -σ and 1 e -σ * bonds is the spin state of the anion electron pair, which forms these bonds. In the former case, the pair is in the singlet state, since it belongs to one p orbital (Pauli's exclusion principle). In the latter, the pair is in the triplet state, since the two p electrons must pass to two hybridized 3 s 2 p orbitals and their spins must be parallel (the generalized Hund rule).
SPIN ORDERING OF ELECTRONS AND ELECTRONIC CRYSTALLIZATION
When the anion produces two one-electron σ bonds with two neighboring cations, the spin state of the anion electron pair, taking part in bonding, defines the orientation of the electron spins on the hybridized orbitals on the cations (Fig. 1) . However, in the presence of six unoccupied hybridized orbitals, either cation can share six electrons, one from each of the six surrounding anions. The spin directions in these six electrons must coincide according to the Hund rule for the hybrid d 2 sp 3
